Observational evidence is sought that the long-term (10 4 yr) action of a mean motion resonance with Jupiter can produce structure in a meteoroid stream, concentrating meteoroids in a dense swarm. More specifically, predictions tabulated by Asher & Clube of enhanced meteor and fireball activity from a Taurid Complex swarm in the 7:2 resonance are compared with observational data collected in Japan over several decades. The swarm model was proposed for reasons independent of the observations analysed here, and these newly considered data are shown to be consistent with it. This allows increased confidence in the Taurid swarm theory, and more generally could mean that resonant trapping is a dynamical mechanism affecting a significant amount of meteoroidal material in the inner Solar system.
R E S O N A N T T R A P P I N G A N D T H E S T R U C T U R E O F M E T E O R O I D S T R E A M S
The basic principles of meteoroid stream formation and evolution are well understood (Williams 1995) . In the first stage (time-scale, e.g., 10 2 yr), small differences in orbital period P, due to ejection velocities or (for small particles) radiation pressure, cause dispersion along the orbit of the parent body. The rate of spread in mean anomaly M depends fairly straightforwardly on the dispersion in P. This stage, then, is characterized by a partial extent of meteoroids around the orbit. During this process, trails such as those observed by the Infra-Red Astronomical Satellite (IRAS) are formed (Sykes & Walker 1992; Kresák 1993) .
After meteoroids are distributed around all values of M, other dispersive mechanisms, planetary perturbations in particular, act (e.g. over 10 3 yr) to broaden the stream, which will eventually be lost in the sporadic background. Although a catastrophic fragmentation with high-speed ejecta could produce an immediately broad distribution of meteoroids, usually (and especially with comparatively low-speed ejection by normal cometary processes) meteoroids are regarded as remaining in a rather narrow band about the orbit of the parent while the stream increases its extent in M. The broadening mechanisms tend to act over a longer time-scale, after 360Њ dispersion in M has been achieved.
Concentrations of recently released material that extend only partially around the orbit can lead to dramatic increases in meteor shower activity in years when the Earth intersects that part of the orbit, as, for example, with the Perseids and Leonids. However, another way to produce yearly variations in shower activity, which is less dramatic but involves some interesting long-term dynamics, is to have a mechanism that can systematically concentrate particles at preferential values of M. That is, in the long-term (long enough for the broadening mechanisms to act), meteoroids do not spread in M at the rate that might be suggested by their original differences in P. The action of a mean motion resonance, most probably with Jupiter, as the most massive planet, can achieve this. A related but distinct mechanism to produce yearly variations has been demonstrated by Froeschlé & Scholl (1986) with orbits similar to observed Quadrantid orbits, where resonant particles in particular ranges of M undergo different nodal precession, thus forming separate arcs. Asher & Clube (1993, hereafter Paper I) described a model of a meteoroid swarm at the heart of the Taurid Complex and in 7:2 resonance with Jupiter. The theory arose from observations that in some years spanned the relatively broad interval of as much as two weeks, strongly suggesting (although not necessitating) that it is the long-term dynamical processes just described that are relevant.
By searching the large data set comprising meteor observations of the Nippon Meteor Society over the past six decades, we can now make a stronger test than before of the model. This has important implications for meteoroid stream dynamics, for while we know that resonant trapping can happen in theory, it is not clear quantitatively the extent to which the resonant mechanism can, over long time-scales, overcome the effects that disperse the stream. It seems valuable to demonstrate observationally the (possible) existence of such a resonant structure.
MODEL
The Taurid swarm theory has been described in various places (Paper I; Asher 1991 Asher , 1994 Asher et al. 1994) . In this section we summarize the essential features.
In meteoroid stream studies, detailed models can be constructed, with many parameters. However, caution is advisable, as the introduction of enough free parameters can make it too easy to fit a given set of observational data, without much justification of why the model should be preferred over other models. Therefore, with the Taurid swarm theory, we do not combine all available data to specify a more detailed model than before, but rather use the newly available data as a test of the model derived from previously known data. Previous computer simulations can be reduced simply to a set of years in which enhanced meteor activity is expected; these years can then be compared with observations. Typically, the action of a mean motion resonance causes close approaches to the planet in question to be avoided (Ö pik 1976; Greenberg 1977; Milani et al. 1989 ). The Taurids, in cis-Jovian orbits of high eccentricity, come closest to the orbit of Jupiter when they are near aphelion, and a resonant particle thus librates in M about a point -the resonance centre -which maximally avoids Jupiter during aphelion passages. The location of this point in M (i.e., along the orbit) evidently depends on the longitude of aphelion, equivalently the longitude of perihelion . Resonant particles with similar will have a distribution in M concentrated around the resonance centre. Defining the swarm model consists of specifying the position of the centre, and the extent of the spread about the centre.
Some years ago, attention was drawn (Clube & Asher 1990 ) to a set of 26 Taurid fireballs seen by Dutch observers over two weeks in 1951 (van Diggelen & de Jager 1955) , and a meteoroid bombardment of the Moon detected by seismometers over 10 days in 1975 (Dorman et al. 1978) , as being manifestations, respectively before and after perihelion, of the same meteoroid swarm (although the full possible significance of the 7:2 resonance was not discussed). The 1975 June and 1951 November data can directly be used to define the location of the resonance centre. While the passages of Comet 2P/Encke (well known to be associated with the Taurids; Whipple 1940) below and above the orbit of the Earth define dates of 30 June and 3 November, the midpoints of the 1975 and 1951 activity give 23 June and 3 November, whence ¼ 156Њ : 5. This mean of the swarm yields M of the resonance centre as a function of time, by simple calculations (considering longitudes of Jupiter and the resonance centre), the details of which (Paper I; Asher 1991) we omit here.
The distribution of particles in M about the resonance centre depends on their distribution of libration amplitudes on release (i.e., on details of the parent's libration and on ejection velocities from the parent), and on their subsequent orbital evolution. However, the introduction of free parameters can be avoided because, within 10 4 yr, continual small perturbations from the Earth and Venus cause an equilibrium distribution in M to be reached. Dynamical simulations, including the long-term effects of the Earth and Venus, define the equilibrium distribution of swarm particles about the resonance centre, independently of observations. There is found (Paper I; Asher 1991; Asher et al. 1994 ) to be a fairly uniform density within about Ϯ30Њ, falling to low values by around Ϯ40Њ.
The meteoroids' values of M are easily related to variations in shower activity by considering DM, the displacement in M of the resonance centre from the point at which the swarm orbit crosses the orbit of the Earth, on the date when the Earth is at that point. If |DM| is below 30-40Њ, enhanced activity is expected. Thus in the tables below, values of DM within Ϯ40Њ are noted.
It was regarded as encouraging (Asher 1991 ) that 1978 gave a clearly better Taurid display than 1979 (Henshaw 1979) , and 1988 than 1989 (Markham 1988 (Markham , 1990 . We now consider further observational meteor data. Individual orbits of a precision whereby their resonant or non-resonant character can be ascertained do not exist, in large quantity at any rate, but there are extensive and reliable data in the form of number counts, which can easily be compared with predictions of the theory to see if the years of increased activity are correct.
It has been tentatively suggested (Asher 1991) , primarily on the basis of the 1951 observations (van Diggelen & de Jager 1955) , that meteoroids in the proposed swarm are giving Northern rather than Southern Taurid meteors, but as this is uncertain, we consider all Taurids in this paper.
J A PA N E S E M E T E O R O B S E RVAT I O N S OV E R S I X D E C A D E S
Observers in the Nippon Meteor Society (NMS) have monitored the Taurids for many years, and so we have checked past records of the Society. From 1972 onwards, there are extensive quantitative data. Prior to this, detailed data values do not tend to have been reported; rather, there is typically just a sentence or two written about Taurid activity. Nevertheless, these briefer reports also yield valuable information. Table 1 shows the data since 1972, first as given in NMS Astronomical Circulars, and secondly as observed personally by one of the authors (Izumi 1996) . There is slight overlap between the two, as Izumi has been one of the many contributors to the data set from which the NMS figures are derived, but we give both here: the NMS data have the advantage of being based on a larger total of observations and the personal data have the advantage of being free of biases between different observers.
Since the Taurids as a whole contain a large number of meteors, overall Taurid rates may disguise yearly variations (Bone 1989 (Bone , 1991 ) that we are proposing are due to the resonant swarm. However, it has been noted (Asher 1991 (Asher , 1994 ) that as well as the correct dates for the swarm (the end of October and the first ten or so days of November, compared with general Taurid activity lasting for most of October and November), particularly bright meteors may be significant, although this depends on the efficiency of radiative forces in removing small particles from the resonance (see Gonczi, Froeschlé & Froeschlé 1982) . Therefore Table 1 lists some figures specific to relevant dates, or to bright meteors, in case it is these specific figures that best show the yearly variations being sought.
Columns (a) to (e) of Table 1 give the yearly observational data, and column (f) the predictions of the resonant swarm model described in Section 2. Other factors that could be considered to affect the number of Taurids observed -the position of Comet 2P/ Encke and the lunar conditions -are given in columns (g) and (h).
The fireball counts [see especially column (c)] seem to confirm the 1978 and 1988 features mentioned in Section 2, with possibly something similar in 1974. The value of DM for 1974 is ¹42Њ [cf. column (f)]. It is possible that a notable submicron dust detection in 1974 November (Singer & Stanley 1980) related to particles released from swarm meteoroids (Clube & Asher 1990) , although in this paper we are directing attention more towards meteoroids large enough to produce fairly bright meteors.
There are further, albeit less detailed, data from earlier years and so at the left of Table 2 (after Paper I) we list the years in which swarm encounters are predicted. We searched NMS reports for years of notable Taurid activity, to see if these matched predictions. Thus against the predicted years, Table 2 lists all years for which, in the publications we examined, increased Taurid activity was observed. Encke and Moon columns are given as with Table 1 . The years highlighted by a black dot seem exceptional on the basis of these reported observations alone. In four of the years, substantial fireball activity was recorded, and the fifth showed an hourly rate of 10, which is unusually high for Taurids, six (at maximum) being more typical (Izumi 1996) . One year (1937) does not relate to observations in Japan but seems worth listing as the one extra year to which attention was drawn by Furuhata (1980) , numerous fireballs being detected by the photographic programme operating at Harvard at the time.
Since the five highlighted years of observation are all among the predicted years, this lends strong support to the resonant swarm theory. A statistical test will make this statement more rigorous; we use a variation on the Q-test of Matsumoto & Kubotani (1996) . A Monte Carlo method is employed to determine how often as good a match of predictions to observations could be expected by chance.
Each Monte Carlo trial consists of taking the period from 1900 to 2008, for which 24 years of predicted swarm encounters were tabulated in Paper I (the subset of these years, from 1934 to 1971, are the years in the leftmost column of Table 2 of the present paper). This real sequence of predicted years is randomized by fixing the endpoints 1900 and 2008 but scrambling the 23 intervals in between (cf. Matsumoto & Kubotani 1996) . This ensures that the randomized sequence maintains properties of the original sequence, in particular the fact that the intervals between successive swarm encounters are always 3, 4 or 7 yr, while also ensuring that encounters in the period from 1934 to 1971 occur at unexpected times compared to the original sequence. The observed years are
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᭧ 1998 RAS, MNRAS 297, 23-27 (b) Total number of Taurid fireballs, from all of October and November, reported to the NMS. First number refers to those of mag -3 or brighter, with the additional number of mag -2 in brackets. (c) As (b) but restricted to Oct 25-Nov 11. Personal data: (d) Average zenithal hourly rate (ZHR) for Taurids between October 6 and December 1, asterisks indicating when the figure is based on few data. ZHR is the observed number of meteors per hour normalized to the radiant being at the zenith, a limiting magnitude of 6.5 and zero cloud cover; thus the observed hourly rate is multiplied (Roggemans 1987) by r 6:5¹m l ð1 ¹ f Þ ¹1 cos ¹g ð90Њ ¹ hÞ where m l is the limiting magnitude, f is the fraction of cloud cover, h is the radiant altitude and g=1.5. The population index is r taken as 1.6, appropriate for the Taurids. (e) Taurid meteors from October 25 -November 11 observed by Izumi (1996) : the two figures are the total number brighter than mag 0 out of the total number of all magnitudes. Predictions: (f) DM for the swarm model, from Paper I. This is the amount in mean anomaly by which the central point of the swarm misses Earth encounter. Shown when |DM| < 40Њ, as this is approximately when enhanced activity is expected. then compared to the randomized sequence, the number of matching years being counted.
Of 100 000 such trials, 1900 had all five observed years corresponding to years appearing in the randomized sequence. (The standard deviation of this figure of 1900 is ϳ40 for a binomial distribution, so the figure is reliable.) Therefore at a significance level of 98 per cent, we can reject the null hypothesis that the correspondence of observed and predicted years is due to chance.
Alternatively, a similar statistical test can be performed using the set of all observed years listed in Table 2 , not just the five highlighted years. Six of these 10 years match the predicted years. Of 100 000 Monte Carlo trials, 4700 had six or more observed years corresponding to years appearing in the randomized sequence, giving a significance level above 95 per cent.
P O S S I B L E E X P L A N AT I O N S
In addition to the 1951 and 1975 observations, from which the model parameters can be derived, seven further years (1934, 1937, 1954, 1964, 1971, 1978, 1988 ) have now been found that are notable from Taurid meteor observations, and all seven are predicted by the swarm model. The first five of these seven years had not previously been identified in connection with the swarm theory. In Section 3 we demonstrated that the fact that exceptional Taurid activity was reported in these five years is consistent with the theory at a high significance level. In addition, observations (Giddings 1946; Frank, Sigwarth & Craven 1987) , the source of which is debatable but which could also be meteoroids, and so could relate to swarm apparitions in 1931 June and 1981 November, have previously been noted (Paper I; Asher et al. 1994) .
The most obvious small adjustment to allow in the model would be an additive constant (less than 15Њ, say) to all the values of DM, corresponding to a small uncertainty in the swarm's (average) value of . Values of DM other than those we give here can easily be calculated, noting that the resonance centre moves 360Њ in 3.39 yr. Thus the swarm advances by 319Њ (i.e., regresses by 41Њ) in 3 yr, by 65Њ in 4 yr, and by 24Њ in 7 yr, with a near repetition every 61 yr (18 orbital periods). This could improve the fit of the observations by making the swarm apparitions have DM nearer zero, and may be worthwhile as a future endeavour, but is not performed here as introducing a free parameter would make the result less significant statistically.
A model considering 2P/Encke seems to explain the observations much less well (Tables 1, 2) . Indeed, Izumi (1996) noted a tendency (in the data from 1972 onwards) for Taurid activity to increase a year after Encke returns, rather than when Encke is nearby). Relative to the 7:2 resonance centre, Encke advances by about 0.09 yr per revolution and so over half a century there is certainly enough difference to distinguish between the models. The later dates (Table 1 ) are in fact fitted rather worse by an Encke model than the earlier dates of Table 2 , because of this gradual drift between Encke and resonance centre.
One could propose a general swarm to explain the years in which increased activity was seen, deriving a best fitting orbital period regardless of the resonance. The swarm would consist of meteoroids that had been ejected recently (so as not to be fully dispersed in M) but at high speed (to give the cross-section of two weeks). While this is possible, it is an ad hoc hypothesis.
The remaining important question is whether the observations genuinely represent the meteor and fireball activity or whether, for whatever reason, the years of notable activity just reflect years when observations (visual and other) were done at all. Presenting data for all years from 1972 onwards (Table 1) was an attempt to address this problem. With the earlier years, observers of the past several decades have certainly not been specially directing their efforts towards detection of the proposed Taurid swarm, and so there must be another reason for the good match of observations with predictions.
In this respect, one might invoke the lunar phase as an explanation, as there is a tendency for favourable conditions in many of the years in question. However, this tendency does not cover all the years (1971 had bad lunar conditions), and moreover, especially enhanced activity has not been found in years with good lunar phase but unfavourable DM. At this stage, therefore, especially given the statistical test applied in Section 3, the resonant swarm appears to offer the best explanation of the observations of greatly enhanced numbers of Taurids in some years but not in others.
26 D. J. Asher and K. Izumi ᭧ 1998 RAS, MNRAS 297, 23-27 Table 2 . Comparison of predictions with observations, up to 1971. The first two columns, after Paper I, give all years (from 1934 onwards) in which swarm encounters are predicted, together with the DM parameter. The next two columns give all years in which observed increased meteor and fireball activity up to 1971 has been recorded by the NMS, with notes and references (OAA = Oriental Astronomical Association). The years marked • are especially notable on the basis of these observations. The column headed 'Encke' gives the perihelion passage month of Comet 2P/Encke. The final column gives the right ascension of the Moon relative to the Sun at November 4.0 (values near 0Њ correspond to favourable viewing conditions and those near Ϯ180Њ unfavourable; cf. A dynamical phenomenon in meteoroid stream evolution has been described; a notable point is the long time-scale involved (as compared to the situation in which enhanced shower activity results from the proximity of the parent, as with the Leonids and the Perseids). That the proposed Taurid swarm is large enough to show clearly observable yearly variations implies that a substantial source has fed meteoroids into the swarm.
An independent confirmation of this source object, if it still exists, would naturally be desirable, for studies of both resonant dynamics and the Taurid Complex. The possible current location of the body in relation to the IRAS trail and to an outflow of dust from its descending node (Roosen, Berg & Farlow 1973) has been discussed elsewhere (Paper I; Clube & Asher 1990 ). The trail was observed in a position suggesting that it could be associated with a resonant parent from which 2P/Encke separated shortly before its (Encke's) first recorded observation in 1786 (Paper I; Asher 1991) .
If the swarm does have a resonant source embedded in the IRAS trail, new epoch (it now being over a decade since the IRAS survey) infrared trail observations could be valuable, as it can be predicted that 2P/Encke and the resonant parent would have separated significantly since the time of IRAS. Most importantly, however, we emphasize the value of continued meteor shower observations, as in the end this is what can confirm or refute the resonant swarm theory. Table 3 gives future years (after Paper I) when the resonant swarm is predicted to produce bright Taurid meteors and fireballs.
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